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A simple theoretical analysis shows that the linewidth of the conjugate wave produced in 
four-wave mixing in semiconductor lasers is equal to the linewidth of the probe plus four times 
the linewidth of the pump. Experimental results in good agreement with the theory are 
presented. This result implies an enormous enhancement in the phase noise of the conjugate 
wave and sets a limitation on some practical applications of four-wave mixing. 
Four-wave mixing (FWM) has been studied exten- 
sively in recent years. Due to its potential in real-time ho- 
lography, adaptive optics, etc., phase conjugation through 
degenerate FWM and nearly degenerate four-wave mixing 
(NDFWM) has attracted considerable attention in nonlin- 
ear optics. *p* Since the conjugate wave generated through 
NDFWM interaction is frequency shifted from the signal 
frequency by two times the beating frequency between sig- 
nal and pump, frequency conversion using NDFWM has 
also been proposed in optical communication applications.3 
However, the effect of noise in NDFWM, to the authors’ 
knowledge, has not yet been studied. Since noise has im- 
portant impacts in all the applications quoted above, a 
noise analysis in NDFWM is required and this is the pur- 
pose of the present letter.. 
Collinear interactive FWM in semiconductor lasers 
and laser amplifiers has been extensively studied using the 
rate equation model.jd The dominant mechanism of ND- 
FWM is explained by the dynamic population pulsation at 
the beat frequency between probe and pump waves. In 
semiconductor lasers and laser amplifiers, the amplified 
probe and conjugate wave output through NDFWM can 
be expressed formally as 
Al(n)=Fl(n,IAO12) [&12-4*r (14 
A2*(~2)=F2(n,IAO12)(A~)2Ain, (lb) 
where ti is the pump-probe frequency detuning, A, is the 
mean field of the pump inside the active waveguide, and Ai, 
is the input probe signal amplitude. 
In the case of counterdirectional NDFWM in traveling 
wave laser amplifiers (TWAs) with equal intensity of the 
pump waves impinging upon the external facets of the la- 
ser, the coefficients F, and F, are4 
p exp( -ZL) 
F1(n91Ao12)=p cos(pl) +a sin(&) ’ 
~~ sin(&) 
F2(n’IAo12)=p cos(pl) +a sin(&) ’ 
(24 
(2b)m 
with P=(K~K~-~‘/~A~~~)~‘~, a=(a~+af)/2, cT=(q 
-+x9)/2, K1,2=-2iCaO/(1+ IAo12fiO~,), ai,2=~o[l 
-CIAo12/(1+ IAo12fi%,)] amd ao=--(l-@)(go/2>/ 
( 1 + IA, 1 2), where the positive or negative sign is chosen 
for the subscript 2 and 1, respectively. In Eqs. (2)) C is the 
field overlap factor, L the chip length, rs the spontaneous 
emission lifetime, go the small signal gain, and p the line- 
width enhancement factor. 
When a semiconductor laser operates above threshold, 
the pump light is produced by itself7 and the NDFWM 
process inside this device has special properties compared 
to that in TWAs. Nevertheless, the probe and conjugate 
output can still be expressed in the form of Eqs. ( 1) except 
for the different coefficients FI and F2:8 
Here, (ns is the relaxation oscillation frequency of the 
pump laser, I is the confinement factor of the laser wave 
guide, and rP is the cavity roundtrip time of the pump 
laser. 
Equations (l)-(3) have been successfully used to ex- 
plain most of the features of NDFWM in TWAs and in 
lasers operating above threshold. In general, the intracav- 
ity transmitted probe and pump lights were treated as sin- 
gle frequency. In practical cases, however, both pump and 
probe waves are affected by amplitude and phase noise, the 
latter being responsible for the finite linewidth of the field 
spectrum. Amplitude noise produces only a broadband 
background in the field spectrum of semiconductor lasers. 
This is important only at high detunings from the center 
frequency, where its coupling with phase hucfuations in- 
troduces an asymmetry in the resonance peaks present in 
the semiconductor laser line shape.’ This amplitude noise 
will be neglected in the present analysis. The effect of the 
phase noise of both the pump and the signal can be easily 
accounted for by substituting A0 and Ai, with Aoei400(f) and 
A. ei4in(‘), respectively, where $~~(t) and pi, are the 
p:mp and signal phase noise. For TWAs in the configura- 
tion considered above, this means that we consider two 
mutually coherent pump waves. We will return on the op- 
posite case of mutually incoherent pump waves later on. 
The substitution of time-dependent phases is not rigorously 
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correct, because Eqs. (1) are already in the frequency do- 
main. However, it is a good approximation when, as usual, 
the separation between pump, signal, and conjugate waves 
is much larger than the linewidth of the fields. This means 
that we consider only the effect on NDFWM of the low 
frequency content of the phase noise, which gives rise to 
the linewidth of the fields. This component is much slower 
than the inverse of the beating frequency fi and hence we 
can assume that the output fields Ai (KI) and A2( fl) adia- 
batically follow the phase noise of signal and pump. 
Introducing phase noise of both pump and signal, the 
field autoconvolutions write 
= I&U-LlAo12> 121A01414,,12 
X (exp[ ---2~ll~o(~+ 73 -40W I] 
XexP(i[kn(t+T>--in(t)l)). (4b) 
For long times (low frequencies), the phase diffusion is a 
random walk of variance 
([~ji(t+T)-~ji(t)12)=Djl TI, (5) 
where the diffusion constant D. is related to the linewidth 
by the following relationship: ld 
AVj=Dj/(4r). (6) 
By using the property of Gaussian processes 
(exp(id[~j(t+T)--j(t)]))=exp(--‘DjT/2), (7) 
and from the independence of the phase noise of pump and 
signal, we get the power spectrum of the probe and the 
conjugate wave output through the Fourier transformation 
with respect to the slow time scale T: 
(lA~(f-b) 12> 
where 






Avz, Avo, and Ay, are the linewidths of conjugate, pump, 
and probe waves, respectively, and ic) is the angular fre- 
quency deviation from the center frequency of the probe 
and conjugate. The above calculations revealed that the 
linewidth of the probe output is the same as that of the 
input, while the linewidth of the conjugate is much broader 
than those of pump and probe, and is very sensitive on the 
2455 Appt. Phys. Lett., Vol. 60, No. 20, 18 May 1992 
pump linewidth. A simple relationship between the line- 
widths of probe, pump, and conjugate waves, as expressed 
by Eq. ( lo), is the main result in this letter. Equations (9) 
and ( 10) hold, in general, when the pump waves are mu- 
tually coherent. This is the case, for example, of the coun- 
terdirectional NDFWM with the two counterpropagating 
pump waves obtained by splitting the same laser beam. If 
the two pump beams are obtained from independent laser 
sources, one has to consider that (A$>2 in Eq. (lb) is 
replaced by A&A&,, where A& and A&, are the forward 
and the backward propagating pump waves and they have, 
now, independent phase noise. The same calculations per- 
formed above can be easily repeated in this case, obtaining 
for the linewidth of the conjugate output 
Av2 = Av-,,~+ Avo,b+ At+,, (11) 
where Av~,~ and Avo,, are the linewidth of the forward and 
backward propagating pump waves. Our results are not 
only restricted to NDFWM, but hold also for highly de- 
generate FWM where much larger frequency shifts are 
achieved through intraband transitions in semiconductors. 
The experimental setup is described as follows. Two 
identical DFB-BH laser diodes with an emission wave- 
length of 1554 nm are used. One of them is used to gener- 
ate the probe wave and its output is injected into the other 
laser which works above threshold providing the pump 
wave. The third DFB laser also with the wavelength of 
1554 nm is used as a local oscillator which beats with the 
output of the pump laser and downshifts the signals to 
radio frequency. Each laser used is external reflection iso- 
lated with a Faraday optical isolator providing more than 
70 dB of isolation. A p-i-n photodetector and a spectrum 
analyzer with the bandwidth of 22 GHz are used for the 
speetrum measurement. In order to prevent the effect of 
pump depletion, the injected probe power is kept less than 
-50 dBm. The spectral linewidth of the local oscillator 
used in the experiment is measured to be about 20 MHz 
and’both the pump and the probe linewidths are more than 
100 MHz. 
The measured spectrum is shown in Fig. 1 for two 
different pump levels while the probe power and the fre- 
quency detuning are the same. In both cases the linewidth 
of the conjugate wave is much wider than the linewidth of 
both probe and pump waves as expected. By comparing 
Fig. 1 (b) to Fig. 1 (a), one finds that, as usual, the pump 
linewidth increases with the decrease of its injection cur- 
rent, and the increase in the linewidth of the conjugate 
wave is much larger than the increase of the pump line- 
width, while the linewidth of the probe is unchanged. A 
more systematic measurement on the linewidth of the 
pump, the probe, and the conjugate wave is performed by 
varying the bias level of the pump laser. The result is re- 
ported in Fig. 2. Since the power spectrum of probe, pump, 
and conjugate waves are Lorentzian, their actual linewidth 
can be evaluated by the difference between the linewidth 
displayed by the spectrum analyzer and the linewidth of 
the local oscillator. It is evident that the linewidth of the 
amplified probe wave is insensitive to the linewidth of the 
pump while the linewidth of the conjugate wave is linearly 
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FIG. 1. Measured heterodyne spectrum of NDFWM with the pump laser 
biased at (a) I=60 mA and (b) I-50 mA. The pump laser has the 
threshold current of 37.8 mA. 
related to that of the pump. The solid line in Fig. 2 is 
obtained by using Eq. ( 10). 
It is also interesting to note that in the case of 
NDFWM in semiconductor lasers operating above thresh- 
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FIG. 2. Measured linewidths of the conjugate wave (solid points) and of 
the output probe wave (open points) vs the linewidth of the pump wave. 
The solid line indicates the values of the conjugate linewidth calculated by 
using Eq. (IO). 
old, Eqs. ( 1) and (3) predict a similar optical power for 
probe and conjugate wave output.* However, experiments 
performed by using Fabry-Perot (FP) interferometers 
show that the power of the conjugate wave is typically 
lower than that of its probe counterpart.‘.* The reason is, 
up to date, not clear. We attribute this difference to the 
effect of phase noise. Obviously, the broadening in the line- 
width will reduce the peak amplitude in the measured spec- 
trum even if the total optical power remains the same. Our 
heterodyne measurement system allows us to have a more 
precise evaluation of both power and linewidth of the 
probe and conjugate waves. Indeed, our results indicate 
that A 1/A2 I: Av,/Avr, where A, and A, are the peak values 
of the probe and conjugate wave power spectrum. This 
implies that the optical power of the conjugate and the 
probe waves output are essentially the same within the 
experimental accuracy. On the other hand, the measure- 
ments with FP interferometers7’8 might suffer from the lim- 
itation of their resolution. 
In conclusion, a simple relationship between the line- 
widths of probe, pump, and conjugate waves in NDFWM 
has been found. Experimental results in good agreement 
with the theory have been reported. The large sensitivity of 
the phase noise of the conjugate wave on the phase noise of 
the pump sets a severe limitation on the linewidth of the 
pump to be used in some practical applications of FWM. 
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